Abstract. Brain metastases are frequently encountered in patients with non-small-cell lung cancer (NSCLC) and are a significant cause of morbidity and mortality. Chemotherapy has been deemed ineffective under the hypothesis that the blood-brain barrier (BBB) limits the delivery of chemotherapeutic agents to the brain. Thus, radiotherapy and occasionally surgery have been selected for the treatment of brain metastases. However, recent clinical data suggested that chemotherapy may be an effective treatment option for patients with brain metastases, since patients who have developed brain metastases may have an inherently compromised BBB. The prognosis of NSCLC patients with brain metastases is generally poor and more effective treatment is required to improve their prognosis. Bevacizumab (Avastin) is a humanized monoclonal antibody that inhibits tumor angiogenesis by neutralizing the vascular endothelial growth factor. Preclinical data indicated that bevacizumab may be effective in preventing as well as treating preexisting brain metastases. Although safety concerns regarding intracranial hemorrhage have been a barrier for the use of bevacizumab in patients with brain metastases, safety data have gradually been accumulated through recent clinical trials. In this review, we aimed to summarize the currently available treatment options and present a therapeutic strategy for NSCLC patients with brain metastases, with a special emphasis on bevacizumab.
Introduction
Non-small-cell lung cancer (NSCLC) is the leading cause of cancer-related mortality in several industrialized countries and its incidence is increasing worldwide. It is estimated that 40% of patients with newly diagnosed NSCLC have incurable stage IV disease (1) . The remaining patients receive radical treatment, such as surgery or chemoradiotherapy. However, approximately half of the patients who receive surgery eventually relapse and, among the patients who receive chemoradiotherapy, only a small proportion are cured. Consequently, the majority of NSCLC patients are eventually classified as having stage IV disease.
Although exact data are unavailable, the incidence of brain metastases in NSCLC patients is reportedly 24-44% and it is considered to be increasing with the advances in diagnostic techniques, such as magnetic resonance imaging (2) . In a retrospective review of 809 patients with NSCLC and brain metastases, 181 patients (22%) had brain metastases at initial staging, of whom 61 (34%) were asymptomatic. Patients with non-squamous NSCLC had a significantly higher risk of brain metastases compared to patients with squamous cell NSCLC (3) .
The available survival data on NSCLC patients with brain metastases are limited, since such patients are generally excluded from clinical trials. However, previous retrospective analyses reported that the median survival time (MST) of such patients is ~3-6 months (4-6). According to a recent retrospective analysis (7) of 81 patients with brain metastases who were diagnosed between January, 1996 and June, 2007, the MST was 5 months and the 1-and 2-year survival rates were 14 and 7.6%, respectively. In addition, neurologically symptomatic patients exhibited significantly shorter survival compared to asymptomatic patients, with an MST of 4.0 and 7.5 months, respectively (P=0.02) (7) .
At present, there are three available treatment options for NSCLC patients with brain metastases: surgery, radiotherapy and chemotherapy. These therapeutic approaches should be selected appropriately, based on each patient's clinical condi-tion. In this review, we aimed to summarize the currently available treatment options and present a therapeutic strategy for NSCLC patients with brain metastases, with particular emphasis on bevacizumab.
Whole-brain radiotherapy
Whole-brain radiotherapy (WBRT) is the classical treatment approach for brain metastases and the schedule of 10 fractions of 3-Gy over 2 weeks (total dose of 30 Gy) is most commonly used. Thus far, eight randomized controlled trials comparing the standard dose schedule (30 Gy divided into 10 fractions) with altered dose schedules have been conducted on patients with brain metastases from various primary cancers, including NSCLC, with no reported significant differences in overall survival (OS) and symptom control rate between the two groups (8) .
Concerns have been raised that neurocognitive function may deteriorate following WBRT. According to a previous study, 11% of patients who received WBRT and survived for 1 year developed severe radiation-induced dementia (9) . Another study reported that brain atrophy developed in ≤30% of patients who received ≤50 Gy of WBRT. However, radiographic brain atrophy was not necessarily accompanied by a Mini Mental State Examination (MMSE) score decrease and approximately half of the cases exhibiting a decrease in MMSE scores could be attributed to a decrease in performance status (PS) caused by systemic disease progression (10) . Evidence suggests that the deterioration of neurocognitive function is significantly associated with brain tumor growth and the view that the benefits greatly outweigh the disadvantages of WBRT is currently predominant (11-13).
Surgery
Surgery has occasionally been selected for patients with a single brain metastasis and its role has been established based on randomized controlled trials (Table I) (14) (15) (16) . In the first study conducted by Patchell et al (14) , 48 patients with a single brain metastasis, of whom 37 had NSCLC, were randomized to either surgery followed by WBRT or WBRT alone groups. The frequency of brain metastasis recurrence was significantly reduced in the surgery plus WBRT compared to the WBRT alone group (52 vs. 20%, respectively, P<0.02) and the OS was significantly better in the surgery plus WBRT compared to the WBRT alone group (MST, 40 vs. 15 weeks, respectively; P<0.01) (14) . In the second study, the OS was significantly better in the surgery plus WBRT compared to the WBRT alone group (MST, 43 vs. 26 weeks, respectively; P= 0.04). However, the survival advantage was prominent in patients with stable extracranial disease (MST, 12 vs. 7 months), whereas in patients with progressive extracranial disease the MST was 5 months in both groups (15) . Furthermore, a third study reported no significant differences in survival time: the MST was 6.3 months in the WBRT alone group and 5.6 months in the surgery plus WBRT group (P=0.24) (16) .
Regarding the discrepant results among these studies, it should be noted that 73% of the patients included in the third study had either extracranial metastases or uncontrollable primary disease, which is higher compared to the other two studies (17) . Collectively, surgery followed by WBRT is recommended for NSCLC patients with a single brain metastasis when extracranial disease is controlled.
By contrast, there has been no prospective study of surgery in patients with multiple brain metastases. According to a retrospective study, patients with multiple brain metastases achieved survival times similar to those of patients with a single brain metastasis who underwent surgery, provided all the brain metastases were surgically resected. However, patients with multiple brain metastases who did not have all the brain metastases completely resected exhibited significantly shorter survival times (18) . The role of surgery for multiple brain metastases remains uncertain and surgery is not generally recommended for patients with more than one brain metastasis outside a clinical trial.
Radiosurgery
Stereotactic radiosurgery (SRS) has recently emerged as an alternative option for the treatment of brain metastases. SRS has an advantage over surgical resection: it is less invasive and allows more than one lesion to be treated, including those in areas not surgically accessible.
The largest randomized study comparing WBRT plus SRS and WBRT alone was conducted by the Radiation Therapy Oncology Group (RTOG), in which 333 patients with 1-3 brain metastases, of whom 63% had lung cancer, were randomly assigned to WBRT plus SRS and WBRT alone groups. No significant survival improvement was observed in the entire population in that study: the MST was 5.7 months in the WBRT alone group and 6.5 months in the WBRT plus SRS group (P= 0.1356). However, a survival advantage in the WBRT plus SRS over the WBRT alone group was demonstrated in patients with a single brain metastasis (MST, 6.5 vs. 4.9 months, respectively; P= 0.0393). In addition, patients in the WBRT plus SRS group were more likely to have stable or improved PS at 6-month follow-up compared to patients in the WBRT alone group (43 vs. 27%, P= 0.03) (19) .
In another study, SRS plus WBRT was compared to SRS alone in patients with 1-4 brain metastases, of whom 67% had lung cancer, and 132 patients were randomized to each group. The OS was almost identical between the two groups; the MST was 7.5 months in the SRS alone group and 8.0 months in the combination group (P=0.42). However, the brain tumor recurrence rate at 1 year was significantly lower in the combination group (46.8 vs. 76.4%, P<0.001). The 1-year actual rate of developing new brain metastases was also significantly reduced in the combination group (41.5 vs. 63.7%, P= 0.003). Consequently, salvage brain treatment was less frequently required in the combination group (20) .
Therefore, the combination of WBRT and SRS is recommended for NSCLC patients with a single brain metastasis and may be a viable option for patients with ≤4 brain metastases. There has been no direct comparison between surgery and SRS in patients with a single brain metastasis.
Chemotherapy
The brain has been traditionally considered to be a 'sanctuary' for metastases, under the hypothesis that the blood-brain barrier (BBB), a mechanism found across species that protects the brain from exposure to toxins, limits the delivery of chemotherapeutic agents to the brain (21) . Therefore, WBRT has been the standard treatment for NSCLC patients with multiple brain metastases. However, certain studies suggested that patients who have developed brain metastases may have an inherently compromised BBB (22, 23) .
Robinet et al (24) conducted a randomized phase III study to determine whether the timing of WBRT with respect to chemotherapy affects survival in patients with NSCLC and concurrent brain metastases. Of the patients included in the study, 64% had multiple brain metastases and 36% had an inoperable solitary brain metastasis. All the patients received chemotherapy with cisplatin and vinorelbine for a maximum of 6 cycles. A total of 171 eligible patients were randomized to receive chemotherapy alone for at least the first 2 cycles or chemotherapy and early concurrent WBRT (30 Gy divided in 10 fractions). Patients in the chemotherapy alone group received the same WBRT i) at any time in the case of proven clinical progression of brain lesions; ii) after 2 or 4 cycles of chemotherapy in the case of stable brain lesions; and iii) after 6 cycles of chemotherapy, as for other patients. The intracranial response rate was 27% in the chemotherapy alone group and 33% in the chemotherapy with concurrent WBRT group (P= 0.12). Survival time was not significantly different between the two groups: the MST was 24 weeks in the chemotherapy alone group and 21 weeks in the chemotherapy with concurrent WBRT group (P= 0.83). Those results suggested that the timing of WBRT does not affect the outcome of NSCLC patients with brain metastases treated with chemotherapy (24) .
More recently, Lee et al (25) conducted a similar study in which 48 NSCLC patients with clinically silent and inoperable brain metastases were randomized to upfront chemotherapy followed by WBRT or WBRT followed by chemotherapy groups. Sixty-four percent of the patients had ≥3 brain metastases and the remaining patients had <3 brain metastases. The intracranial response rate and the disease control rate were 28.0 and 72.0% for the chemotherapy first and 39.1 and 56.5% for the WBRT first arm, respectively. There was no significant difference in survival time: the MST was 9.1 months for the chemotherapy first and 9.9 months for the WBRT first arm (P= 0.61). It is noteworthy that 4 patients (17.4%) did not receive further chemotherapy due to early death or poor PS following WBRT in the WBRT first arm (25) .
The results of recent retrospective studies have also suggested that upfront chemotherapy is as effective as upfront WBRT in patients with asymptomatic brain metastases (26, 27) . According to the current European Society of Medical Oncology clinical practice guidelines for metastatic NSCLC, systemic therapy is a viable option for patients with no or relatively minor symptoms from brain metastases with early radiotherapy intervention in the case of the development or progression of symptoms while on treatment (II, B) (28) . Overall, upfront chemotherapy may be a reasonable option for NSCLC patients with asymptomatic brain metastases.
Bevacizumab
Although an intracranial response comparable to the extracranial response has been reported with a pemetrexed-containing regimens, the survival time of patients with brain metastases is still poor compared to stage IV patients without brain metastases (29, 30) . More effective treatment is required to improve the prognosis of these patients.
Clinical efficacy of bevacizumab in NSCLC.
Bevacizumab (Avastin; F. Hoffmann-La Roche, Ltd., Basel, Switzerland) is a humanized monoclonal antibody that inhibits tumor angiogenesis by neutralizing the vascular endothelial growth factor. The first phase III study of bevacizumab in combination with paclitaxel and carboplatin vs. paclitaxel and carboplatin in patients with non-squamous NSCLC (E4599) was conducted in the USA. The progression-free survival (PFS) (6.2 vs. 4.5 months, P<0.001) and OS (12.3 vs. 10.3 months, P= 0.003) were significantly better in the bevacizumab arm (31) . In the second phase III study (AVAiL), conducted in the EU, bevacizumab (7.5 and 15 mg/ kg) was investigated in combination with gemcitabine and cisplatin. PFS, the primary endpoint, was found to be significantly better in the bevacizumab arm (32) . According to a recent meta-analysis, bevacizumab in combination with platinum-based chemotherapy significantly prolonged OS and PFS (33) . Major clinical guidelines currently recommend the use of bevacizumab in NSCLC patients without contraindications, such as squamous cell histology and history of hemoptysis (28, 34) .
Safety data of bevacizumab in patients with brain metastases.
Despite the promising preclinical data (35-39), patients with brain metastases have been excluded from clinical trials of bevacizumab, following a single serious bleeding event in a phase I trial in one patient with hepatocellular carcinoma and occult brain metastasis (35) .
In an attempt to elucidate whether brain metastases are a significant risk factor for intracranial hemorrhage (ICH), Srivastava et al (36) conducted a retrospective analysis of patients with advanced NSCLC using data from the MD Anderson Cancer Center Tumor Registry. This study included 776 patients with and 1,367 patients without brain metastases and the rates of spontaneous ICH were compared. The actual number of patients that developed ICH and the incidence rate (per 1,000 individuals̸year) was 9 and 15.5 in patients with brain metastases and 4 and 3.2 in patients without brain metastases, respectively (crude incidence rate ratio, 4.79; P=0.0076). However, the actual number of patients developing symptomatic ICH and the incidence rate (per 1,000 individuals̸year) were 4 and 6.9 in patients with brain metastases and 4 and 3.2 in patients without brain metastases, respectively (crude incidence rate ratio, 2.13; P=0.31). These results demonstrated that the rate of spontaneous ICH appeared to be higher among patients with brain metastases compared to those without, although the rate was very low in both groups and the rates of symptomatic ICH were not significantly different between the two groups (36) . A later study by Khasraw et al (37) conducted a retrospective analysis to investigate the association between treatment with bevacizumab and ICH in various types of tumors. It was concluded that bevacizumab does not increase the incidence of ICH in cancer patients, despite the presence of brain metastases. In the NSCLC population, the incidence rate of ICH was 1.00% (29/2,914) in patients treated without bevacizumab and 1.24% (3/242) in patients treated with bevacizumab. Moreover, the incidence rates of ICH were 3.6% (28/789) in patients with brain metastases treated without bevacizumab and 3.9% (3/77) in patients with brain metastases treated with bevacizumab (37) . Retrospective exploratory analyses of randomized controlled trials reported similar results, indicating that bevacizumab is not a significant risk factor for ICH, even in patients with brain metastases (38, 39) .
In the prospective setting, the safety of bevacizumab for brain metastases was first investigated in patients with treated brain metastases (PASSPORT study) (40) . Of the 115 enrolled NSCLC patients, 67 (58.7%) received WBRT alone, 25 (21.7%) received WBRT with SRS or surgery, 22 (19.1%) received SRS alone and 1 (0.9%) received surgery alone. The chemotherapy consisted of carboplatin and paclitaxel (33%), carboplatin and other agents (28%), pemetrexed (19%), erlotinib (10%) and others (10%). Among the 106 safety-evaluable patients, there was no reported grade 1-5 ICH (95% CI: 0.0-3.3%) (40) . Thus, bevacizumab was safely administered to patients with treated brain metastases. In the subsequent study, NSCLC patients with asymptomatic untreated brain metastases were treated with bevacizumab (BRAIN study) (41) . In the first-line arm (n=67), the combination of bevacizumab, paclitaxel and carboplatin was administered, whereas bevacizumab and erlo- The median PFS was 6.7 months in the first-line and 6.3 months in the second-line arm. The median OS was 15.1 months in the first-line and 13.6 months in the second-line arm. The response rates for intracranial and extracranial metastases were almost identical in the two arms. One grade 1 ICH event as reported in the first-line arm and none were reported in the second-line arm. In this study, bevacizumab exhibited an acceptable safety profile in patients with asymptomatic untreated brain metastases and the survival data were comparable to those of patients without brain metastases treated with bevacizumab (41) . Due to the fact that patients with brain metastases generally exhibit lower survival times compared to patients without brain metastases, these data encouraged clinicians to use bevacizumab in this patient population.
There has been no prospective study of bevacizumab in patients with active or symptomatic brain metastases. However, certain case series recently reported that bevacizumab was safe and effective for progressive brain metastases (42, 43) . A case of progressive brain metastases treated at our hospital is shown in Fig. 1 . The patient's brain tumors did not respond to WBRT and he developed seizures. The patient subsequently received a combination chemotherapy with bevacizumab, paclitaxel and carboplatin as second-line chemotherapy and the brain metastases were significantly reduced in size, without ICH. These results suggest that bevacizumab may merit further investigation in patients with active or symptomatic brain metastases as well.
Treatment algorithm for NSCLC patients with brain metastases
An example of the algorithm for the treatment of NSCLC patients with brain metastases is shown in Fig. 2 . Patients with symptomatic brain metastases should be treated with local therapy prior to administration of chemotherapy and the treatment modality should be selected according to the number of brain metastases and the extracranial disease status. Surgery followed by WBRT or SRS+WBRT is recommended for patients with a single brain metastasis. Although there are no established criteria, SRS+WBRT may be considered for patients with ≤4 brain metastases (≤4 cm) and controlled extracranial disease (44) . Patients with asymptomatic brain metastases and those who have received prior local therapy should be evaluated for indications for bevacizumab and the administration of bevacizumab is recommended for patients without specific contraindications for this drug.
Conclusions
In this review we summarized the currently available treatment options for NSCLC patients with brain metastases and highlighted the safety and efficacy of bevacizumab. Considering their dismal prognosis, bevacizumab is recommended particularly for patients with brain metastases. Molecularly-targeted agents were not included in the review to simplify the discussion. Should molecularly-targeted agents be included, the treatment algorithm becomes more complicated. For example, it has not yet been established whether WBRT or tyrosine kinase inhibitor of epidermal growth factor receptor (EGFR) is preferred as initial treatment for patients with activating mutation of EGFR, or which treatment option is preferred for neurologically symptomatic patients. There remain several unanswered questions regarding the treatment of NSCLC patients with brain metastases. A more sophisticated treatment strategy, including molecularly-targeted agents, should be identified to cater for personalized medicine. 
